Electromagnetics 


E = electric field strength — (volts рег meter) 

D = electric flux density (coulombs per square meter) 

H = magnetic field strength (amperes per meter) 

В = magnetic flux density  (webers per square meter) or (teslas) 


J = electric current density (amperes per square meter) 


p, = electric charge density (coulombs per square meter 
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Е = (Е + v x В) 
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(а) Spherical wave 


Uniform plane wave 
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(b) Plane-wave approximation 


Unbounded EM Waves 


Remember Last јестиће. ° 
What about free-space ??? 
P. 


pP | 
ухк—-Ф© ТЕРА] 
TO 


дї 


У y^ 
= БЭР ) ( 7 H) 
укр = А x xH Second Derivatives 


У.(Ух А) «0 


(9) 


x A) = V(V- A) - УЗА 
— LA = 
-? vE) -Y E = -pe E, Ё 
€ adc uu Ж 
ТЕ xt M Z 


h (611143944 E 
Note RYS has hisher onde СЕНУ ТЕАТ 


Wavelength (m) Frequency (Hz) Classification Applications 
102“ 
10 215 | 
y-rays Food irradiation, 
102! cancer therapy 
10: 12 | | 
(А) 10:19 1018 (BH?) X-rays Medical diagnosis 
(nm) 10 ° Ultraviolet | Sterilization 
1 10:24РН 1 ое от 
ит 
Infrared Night vision 
(mm) 10 ° ЛИЯ sam wave 
(cm) 10-2 EHF (30—300 GHz) Radar, space exploration 
хий SHF (3-30 GHz) communication 
(m) 1 10? (GHz) UHF (300-3000 MHz) Radar, TV, navigation 
| VHF (30-300 MHZ) radio, it хайс control 
v] НЕ (3-30 MHz) citizens bind 
d 10 10% (MHz) МЕ (300-3000 kHz) eben finding ^ 
~ Navigation. 
e LE (30-300 KHZ) (radio beacon 
10° VLF (3-30 kHz) Navigation, sonar 
(Mm) 10° 10° (kHz) ULF (300-3000 Hz) Telephone audio range 
107 60 08) SLF (30-300 Hz) — Submarine electric power 5. 
19 ELF (3-30 Н2) а се 
1 (Hz) 


Wavelength range of human vision: 720 (пт)- 380 (nm) 
(Deep red) (Violet) 
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Phasors... (like in 210 and in T-lines!) 


V Е = рује, 
VxE=-—jouH 
У-Н-0 


The whole idea of Є =€ €, is a paramaratization... It only holds true when there 
аге an enormous number of molecules making up a media. 


If the material allows flow of charge (1.6. it's conductive) then Оћт 5 law says: 
J=0E > ҮХН-1-100-106,Ё 


To include this, expand our definition of complex permittivity: 


Maxwell in (free charge free) 
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Given ап electric field 
Е = КЕ о sinay сов(0% — kz), 
where Ep, a, @, and & аге constants, find Н. 
E = xEosinaycos (6% — kz), gie Su 1% + Phaser... | 
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и 


ЗЕ Approx. 
1! рргох 
:| : Plane wave 


| 
Гесішге 28 | K 


TEE = Mm т 


PROPS QT ай Сам stant 


e Ы” 
n — Х- «+В 
TE кају m = k = WovenumbeR. 3 w pe 


Special Case: Uniform Plane Wave (UPW) 
lcd t Fixed Line зайлс 
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E(x, y, z, t) = E, cos [ot - kz |x 


Point of constant phase.... 
@t-Kz = constant 
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=> phase velocity = v = vo 


Phase Velocity of UPW 
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с, = 8.854 х 107“ F/m ш-4лх10” H/m ster 


у ~ 2.998 х10? m/s = с 
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Electric. Field The frequency of a wave is a characteristic of the 


source of the wave and does not depend on the E 
medium parameters, as long as the medium is linear. ` 


Magnetic Field g 1 The frequency does по! change when the wave 
Т travels in different linear media. у 


velocity of 
v = frequency light Эт 
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А 10-MHz uniform plane wave is traveling in a nonmagnetic medium 
with д = po and Є, = 9. Find (a) the phase velocity, (b) the wavenumber, (c) the 
wavelength in the medium, and (d) the intrinsic impedance of the medium. 


(a) 

1 1 3 х 10 

= = — = = = 10° (mis). 
| VUE | pocos Ec а v9 
(b) : 
, 
= тх — 0.27 (rad/m). 
(с) ту ^ A 
201 АЛ. АЛ. 
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If the magnetic field phasor of a plane wave traveling іп a medium 
with intrinsic impedance n = 100 Q is given by H = (5 10+220)e”?"* (mA/m), find 
the associated electric field phasor. 

H —($10--220)e7/"  (mA/m) 
The phase factor of Н denotes that k = 5. 
E— —nkxH 
= —100[£ x ($10--220)]e77* x 1077 
—(—2-4-$2)e7" (VAn). 
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If the magnetic field phasor of a plane wave traveling in a medium 
with intrinsic impedance n = 100 Q is given by Н —$(10e ^" —20e/%)  (mA/m)find 
the associated electric field phasor. 


This magnetic field is composed of two components, one with amplitude of 10 
(mA/m) belonging to a wave traveling along +X and another with amplitude of 20 
(mA/m) belonging to a separate wave traveling in the opposite direction (—X). Hence, 
we need to treat these two components separately: 


H = H; + H2 ÍT Superposition y 

with 4 

H,—$10e7/* (mAAn), 

H, =-$20e7/% (тАЛп). 
For the first wave: 

E, = —nk х Н, 
= —100(& x $ 10277) = —фе“ 7 (V/m). 
For the second wave: 
E; = —100[-& x (– у 20e/**)) 
= —22 (Vin). 


E = Е, +E; 
= —2(e 7 2e?) (V/m). 
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Ranges of relative permittivity?? 


Note: freguency dependent! 
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rarefaction 
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|F = q(E + v x B) | 


E(x, y, zs Ес COS lox -kx |) 


Are E and H -fields always in phase??? 


М/һеге the curl in the E-field ??? 


- uch 


Wave decomposition 


In general, a uniform plane wave traveling in the 
+z-direction may have both x- and y-components, in which 
case Е 15 given by 


Е=#Е/(2) +$ E? (2), (7.43a) 
and the associated magnetic field is 


F(z), (7.43b) 


Application of Eq. (7.39a) gives 


with both traveling in the +z-direction. 


| -— 22 2 1. æ EE | Eh 
Figure 7-6: The wave (E, H) is equivalent to the sum of tv H= e E= -f = дере = қ (7.44) 
waves, one with fields (EF, B) and another with (ES, Hy 7] n n 
By equating Eq. (7.43b) to Eq. (7.44), we have 
” E+(z) 4 EYG 
Hz) ===, Н (z) = Sx) (445) 


AUPWwithá - ° 3 + 
wavelength of 532 nm | 
propagates in the +2 | р ° 
direction and you аге | 
facing in the =Z, 
direction... 


... What do you see? 


Е-Хасов(о%-К2--ф, )+ Y b cos(ot - kz + 0, ) 
Polarization E m jb ~ 4 pg ih | je lad un 


event notati 
than the book??? 


ф = д, — д. Phase 


difference!!! 


0 Linear Circular Elliptical 
n 
" =+= ф = const. 
| ф=Оогл 2 | 
(а] Propagation ib) and a=b — = const. 
їп +z direction b 


ММ ин 


Note: 
these figures represent E- 

*Opposite field та plane of constant 2, 

for Optics (с) with t varying (9) 


Polarization Handedness 


Polarization handedness is defined in terms of the rotation 
of E as a function of time in a fixed plane orthogonal to the 
direction of propagation, which is opposite of the direction 
of rotation of Ё as a function of distance at a fixed point in 
time. 


(b) RHC polarization 


The electric field of a plane wave is given by 
E(z,f) =X 3 cos(wr — kz) + y4cos(wr —kz) (V/m). 


Determine (a) the polarization state, (b) the modulus of E, and (c) the inclination 
angle. 


Solution: 

(a) Since the x- and y-components are exactly in phase with each other, the 
polarization state has to be linear. This can also be ascertained by verifying that 
X, = 0. From the given expression for Е(2,7), б, = ð, = 0. Hence, ó = ó, — ó, = 0. 


4 
Wo = tan! (2) = tan”? 3 53.17, 


ах 


sin2¥ = (sin2Wo)sind = 0 
y =0. 


(b) JE] = [E2 + 22] /2 = Scos(wr — kz) (Van). 


(с) From рап (a), Wo = 52.19. 


Plot the locus of E(0,7) for a plane wave with 
E(z,t) = Xsin(ot + kz) + Y 2 сов(0% + kz). 


Determine the polarization state from vour plot. 


Solution: 
Е = £ sin(@t + kz) + ¥2cos(at + kz). 


Wave direction is —Z. At z= 0, 
E = X sin ox ЕЗ y 2008 ox. Locus of E versus time. 


Tip of E rotates in accordance with right hand (with thumb pointing along — 2). 
Hence, wave state 18 RHE. 
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Example 7-2: АНС Polarized Wave 


An RHC polarized plane wave with electric field magnitude 
of 3 (mV/m) is traveling in the +y-direction in a dielectric 
medium with = = 450, џ = wo, and о = 0. If the frequency 
is 100 MHz, obtain expressions for Е(у, г) and Н(у, t). 


Solution: Since the wave is traveling in the + y-direction, its 
field must have components along the x- and z-directions. The 
rotation of E( y, t) is depicted in Fig. 7-10, where у is out of the 
page. By comparison with the RHC polarized wave shown in 
Fig. 7-8(b), we assign Ше z-component of К( y) a phase angle 
of zero and the x-component a phase shift of ó = -л/2. 


Cont. 


Example 7-2 cont. 


Wave with electric Неја magnitude 


of 3 (mV/m) traveling in the +y- With w = 277 f = 2л х 10° (rad/s), the wavenumber k is 
direction 
x 29 "S ШЕСІ 
Е(у) = RE. + 2Е, К = C 
= fae iT P ЖЫЛҒА) жы _ 2л x 108 /4 
= (j + 2)3е Y (mV/m), 3 x 10° 


4 
zz 37 (rad/m), 
and application of (7.392) gives | 


m Го na 
H(y) = =ý x E(y) 
n 


l. A. AA С 
= ух (3 j+2D3e 7^ 
7 


A 
= -(2j + &)e 7^ (mA/m). Cont. 
1] 


(02). 


Example 7-2 cont. 


The instantaneous fields E( y, 1) and Н(у, t) are 


E(y, t) = Re | ЁО) eier] 
= Re | -&j + D3e edo! | 
= З|Х sin(wt — Ку) + Zcos(wt — Ку)] 


(mV/m) 
and 


H(y, t) = Re AO) ef] 


NE j 
— Re E -- ge ik 2d 
n 


= [x cos(wt — ky) — Zsin(wt — ky)] (mA/m). 
207 
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Loss Tangent: 


Attenuation (dB/m) 


O 


WE 


>> 1, conductive 


=> 


<< 1, insulator(dielectric) 


with 6-6,6, 


1000 


5 


m 
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Log(Freq) 


E=x E Se 
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E= ХЕ e “ cos(at — Pz) 


бореа al on Es N tank 


Y= <+ Ë = әре 


а = attenuation coefficient 


8 


@ . 
= velocity 


Material | Conductivity, o(S/m) | Material Conductivity, o(S/m) 
Silver 6.17 x 10 Fresh water 107 

Соррег 5.80 x 10” Distilled water 2x 10% 

Gold 4.10 х 107 Dry soil 10 

Aluminum 3.54 x 107 Transformer oil 10H 

Brass 1.57 x 107 Glass 10 

Bronze 10 Porcelain 2x10P 

Iron 10 Rubber 10 

Seawater 4 Fused quartz 10 


15 


Decibels 


I 
lo ly (£ 


еа Ана. у а ди кад 
K 


Lossless Low-loss Good 
Any Medium Medium Medium Conductor 
(с= 0) | Efe < 1) | (є"/є > 1) 


Мэс x APE 


Amplitude of an electromagnetic wave versus distance 


(Time is frozeny* E- XE e ~ cos(at — BL) 


15096 


и SN 

SILT 
IN Шал a 
| x М М 


\ 
E at 
са 
— Cos(beta*L) 


ед. LRM ot 10 MHz — Eyp(-alpha?L) 
=> А. гн БО pum — Composite waveform 


50% 


(percent of original) 


EXIME ol 


30 25 40 


Distance from source CL^ Ж Thanks = Hiro 


For each of the following combination of parameters, determine if 
the material 18 а low-loss dielectric, а quasi-conductor, or a good conductor, and then 
calculate о, В, A, up, and Nc: 


(a) glass with 4 = 1, & = 5, and o = 10712 S/m at 10 GHz, 
(b) animal tissue with 4 = 1, & = 12, and о = 0.3 S/m at 100 MHz, 
(с) wood with 4 = 1, & = 3, and o = 1074 Sim at 1 kHz. 


Саве (а) Саве (5) Саве (с) 


Зб == 4.5 600 
low-loss dielectric — quasi-conductor good conductor 
8.42 х 1071! Мр/т 9.75 Мр/ш 6.3 х 107^ Np/m 


468.3 rad/m 12.16 rad/m 6.3 x 1077 rad/m 
1.34 cm 51.69 cm 10 km 
1.34 x 107 m/s 0.52 х 10° m/s 0.1 x 108 m/s 
~ 168.5 О 39,54--/31720 | 628(14- 7) Q 


basi сої 
iw mike а ` 2 km 


Based on wave attenuation and reflection measurements conducted 
at 1 MHz, it was determined that the intrinsic impedance of a certain medium is 
28 5° (О) and the skin depth is 2 m. Determine (a) the conductivity of the 
materie, (b) the wavelength in the medium, and (c) the phase velocity. 


(a) Since the phase angle of Ne is 45", the material is a good conductor. Hence, 
y & 45° ; . 
ЕЦ + = 28.17” = 28.1с0545° + 728.1 sin 45°, 
or 


= 28.1 cos 45° = 19:87. 


ale 


Since ao = 1/8, = 1/2 = 0.5 Np/m, 


0.5 
as сы, =. mi? Sin, 
19.87 19.87 
(b) Since œ = В for a good conductor, and œ = 0.5, it follows that В = 0.5. 
Therefore, 

2 2 

ime — a= Sn, 
В 05 


(с) AA = 10° x 12.57 = 1.26 x 107 mis. 


Oregon State University 
Сопсерша Wave Park 


Mag SUC onal 
anchored 107 
4 = i! "^r. 


Electric Coil 
secured to 
heaving buoy 


Permanent Magnet ју 
Linear Generator Buoy 7 
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Waves (Бу their nature) transmit energy... 


— |n the time domain, the power density and 
direction of the E & M energy flow is given by: 


S-ExH W/m 


— like waves against the shore, S surges E & М 


2 
- > 
DV 
power with period T/2... M Л 


2. we look for the time average i 
E йы 2 N 
($)- (Ex) = ев) 
AO) 
227 


25 2 
Ж “үүдсэн. es 
, m — 7 W/m 
112 2n 


ere the phasors are defined as: 


aNologaus to 
RSV EX 
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Example: 

Assume a light bulb gives off light @ a given 
wavelength (500 nm). The light radiates egually in 
all directions. It is а 100% efficient 100 W lamp. 


% What 15 Eie a distance 10m from the lamp? 


Isotropic 
Radiator Note: R? factor 
very important! 
Distribute radiated A 


ower over surface : 
P What assumptions have we made here??? 
area of sphere = 4rR ? 


4 [E шт 100У/ ы у 
Қате ° аш 


Assume air 
ог vacuum; 


n, 23770 


The magnetic field of a plane wave traveling in аш is given by 
H = Х50віп(2л x 1077 — ky) (mA/m). Determine the average power density carried 
by the wave. 


Н = #50віп(2л x 10? — ky) (mAfm), 
Е = —no$ x = #0505іп(27 x 10? — ку)  (mV/m), 


50)2 120 
-— (ах я 007, 1076— ў = 


(50)? x 10-6 = 0.48 (W/m?). 


Q: Is E= ХЕ, cos(@t° — Pz) a viable electromagnetic wave?? 


WAVE, eguin AS 


den ve) rom Moxtwell’< 


À Lossy Median 
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“бух DERS “(ДЕ 22. ¿z 


Chea ont 
where the 
current 157 


(a) d-c case 


(b) a-c case 
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Example 7-6: Power Received Бу а Submarine Antenna 


A submarine at a depth of 200 m below the sea surface 
uses a wire antenna to receive signal transmissions at 1 kHz. 
Determine the power density incident upon the submarine 
antenna due to the EM wave of Example 7-4. 


Solution: From Example 7-4, |E(0)| = | Его] = 4.44 
(mV/m), o = 0.126 (Np/m) and n.=0.0444 (Q). 
Application of Eq. (7.109) gives 


„ ЈЕ 
S. (2) =Z Е г" cos 6, 
2|пе Transmitter 
| 4.44 10-2 2 antenna 
E 5 - — ) 292522 соқ 45° N! 


=20.16e 92522 (mWw/m). 
At z = 200 m, the incident power density is 


S, = 2 (0.16 x 10 3e 0-252x200) 
=2.1 х 10%  (W/m?). 


Medium 1 


Medium 2 
Dielectric 


Conductor 


En = Ёо -0 
Din — s Do, = 0 


ds Ha = 0 
Bin = Bon = О 


УС 


Perfect conductor 


€, == 26 


Perfect dielectric 


Recap Ch. 7 
Even at relatively low frequencies used for high power transmission (50-00 Hz), ПНЕ 
distribution of current still occurs in sufficiently thick conductors. For example, the skin depth 
of a copper conductor is approximately 8.57 mm at 60 Hz, so high current conductors are 
usually hollow to reduce their mass and cost. 


R 


VD 


Since the current tends to flow in the periphery of conductors, the effective cross-section of 
the conductor is reduced. This increases the effective AC resistance of the conductor, since 
resistance 1s inversely proportional to the cross-sectional area in which the current actually 
flows. The AC resistance often is many times higher than the DC resistance, causing a much 


higher energy loss due to ohmic heating (also called PR loss). 
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| Circular Aperture, іп Far field (assume 0 small) 
|| ао, = 22 — Др 
му» £— р. 


spotsize,if 0<<1 Whatabout 
| 2 44 “ ] Id"? 
D... ~ 2 А хв near fie 
| 1111 
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Electric field 
distribution in the far- 
field is proportional to 
the Fourier Transform 
of the 


transmitter/receiver 
distribution. 
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High Altitude Layer 


wi 


Ground Layer 


Measured Wavefronts 


2.2 microns АО Keck Galileo Visible 


3.5 microns AO Keck Keck, no AO 
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Telecommunication 
Cable Disruption 
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Faraday) ROTATION 


=> —- o 


N UNDEVIATED У 1 
Зи PATH 


Traveling 
Ionospheric 
/ |rregularities 
Tr u "T 
„Receiver 


у 
23 


At 433 MHz (UHF), one should expect in the order of 1.5 complete rotations of the wavefront as it 
transits the ionosphere, whereas at 1.2 GHz less than a quarter of one rotation is likely. 


* Question: What generates an E & M wave 
(UPW or otherwise)? 


Answer: An accelerated electron.... 
(a moving electron 18 not enough) 


1) M“ (at rest) F) E, but no H 


2) M“ (constant velocity) E, H constant 
(roughly) 
Е & Н time- varying 
3) е 1 Å 
@ ию —) (what Maxwell needs) 


DOER 


Index of Refraction 


N=cysu = Se if US и 
Solo 
then N=.,/é 
=n+ jk й 


* Complex Reiractive Index 
(‘n’ affects properties; ‘k’ absorbs) 


Circular 
a: polarization 
7 T` out 
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Шиагїег- 
wave 
plate 


b 
^ a 
~“ 
ats 

Ø J 1 


aps, Linear 
DUM ЗЭР" 
AAA polarization 


in 


Instantaneo 
emission.... 


Stopping potential, V 


E & M particles?? 


Hertz 
(Exp.) 


| 


-М, 


“stopping potential” = f (Intensity) 


slope = h 


ын 


70 


80 90 


Егедиепсу, Н2 


Increases linearly 
w/ light intensity 


V 


ht 


Q м тета! 


+ 


IE 

Photoelectric 
Einstein 
(theory) 


Milliken Data 
(confirms Einstein) 


һ = Plank's constant 


= 6.626x10?^ Jes 
100 110 120*1023 


500 nm => 2.5 ем 


һс Е 1240еУ = 4x10] 


Anm 10 GHz => 3 x 107 nm 
-» 0.0000413 eV 


Photons!! Е - ny = 


* But what about waves? * How big is a photon? 
* What's the E-field strength of a photon? 
% Can a photon be polarized ?? 


1 " TER Sample numbers of mean photon flux (photons/sem? 
1111? 26 
Bright Sunlight 10 it's ~ 4x101! mm to the Moon ! 
Starlight 1010 


Note: мге сап (апа ао!) 
actually “photon-count” with 
some sensors! 


Absorption 


DIELECTRIC Continuous 
FUNCTION 


Е-Е + ЈЕ" 


Emission line (ћудгодеп gas) 


Absorption line (hydrogen gas) 


+ Are 5 & € independent 
of each other? 


dielect 


є" has to do with attenuation 


£' is due to polarizability 


FUNCTIONS 


ELECTRONIC 


INFRARED 


a~t 
LOG FREQUENCY 


DIELECTRIC 


debye 
MICROWAVE ULTRAVIOLET 


$ What does =, =1 mean to you? 
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(Stationary) . _1 
ES М+х=1+ if x ecl 
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Doppler Shift 


